Light exposure and physical activity in myopic and emmetropic children by Read, Scott et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Read, Scott A., Collins, Michael J., & Vincent, Stephen J.
(2014)
Light exposure and physical activity in myopic and emmetropic children.
Optometry and Vision Science, 91(3), pp. 330-341.
This file was downloaded from: http://eprints.qut.edu.au/67901/
c© Copyright 2014 American Academy of Optometry
This is a non-final version of an article published in final form in Optometry
& Vision Science: March 2014 - Volume 91 - Issue 3 - p 330-341, doi:
10.1097/OPX.0000000000000160
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1097/OPX.0000000000000160
1 
 
Light Exposure and Physical Activity in Myopic and Emmetropic 
Children 
 
 
Scott A. Read, PhD, Michael J. Collins, PhD, Stephen J. Vincent, PhD  
 
Contact Lens and Visual Optics Laboratory, School of Optometry and Vision Science, 
Queensland University of Technology, Brisbane, Queensland, Australia 
 
Corresponding author: 
Dr Scott Read 
Contact Lens and Visual Optics Laboratory 
School of Optometry and Vision Science 
Queensland University of Technology 
Room D517, O Block, Victoria Park Road, Kelvin Grove 4059 
Brisbane, Queensland, Australia 
Phone: 617 3138 5714, Fax: 617 3138 5665 
Email: sa.read@qut.edu.au 
 
Number of Tables: 5 
Number of Figures: 4 
Word count: 6,334 
 
 
 
 
 
2 
 
Abstract:   
Purpose:  To objectively assess daily light exposure and physical activity levels in myopic 
and emmetropic children. 
Methods:  One hundred and two children (41 myopes and 61 emmetropes) aged 10 to 15 
years old had simultaneous objective measures of ambient light exposure and physical 
activity collected over a 2 week period during school term, using a wrist worn actigraphy 
device (Actiwatch-2).  Measures of visible light illuminance and physical activity were 
captured every 30 seconds, 24 hours a day over this period.  Mean hourly light exposure 
and physical activity for weekdays and weekends were examined.  To ensure that seasonal 
variations didn’t confound comparisons, the light and activity data of the 41 myopes, was 
compared with 41 age and gender matched emmetropes who wore the Actiwatch over the 
same two week period.  
Results: Mean light exposure and physical activity for all 101 children with valid data 
exhibited significant changes with time of day and day of the week (p<0.0001).  On average 
greater daily light exposure occurred on weekends compared to weekdays (p<0.05), and 
greater physical activity occurred on weekdays compared to weekends (p<0.01).  Myopic 
children (n = 41, mean daily light exposure 915 ± 519 lux) exhibited significantly lower 
average light exposure compared to 41 age and gender matched emmetropic children (1272 
± 625 lux, p<0.01).  The amount of daily time spent in bright light conditions (>1000 lux) was 
also significantly greater in emmetropes (127 ± 51 minutes) compared to myopes (91 ± 44 
minutes, p<0.001).  No significant differences were found between the average daily 
physical activity levels of myopes and emmetropes (p>0.05). 
Conclusions:  Myopic children exhibit significantly lower daily light exposure, but no 
significant difference in physical activity compared to emmetropic children.  This suggests 
the important factor involved in documented associations between myopia and outdoor 
activity is likely exposure to bright outdoor light rather than greater physical activity. 
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Although the exact cause of myopia is still not known, it is well accepted that it is a multi-
factorial condition involving both genetic and environmental components.1,2  A range of 
environmental risk factors have been implicated as potentially being involved in myopia 
development including near work,3,4 academic activity,5 urban environment,6 and dietary 
factors.7  Recent evidence from a number of epidemiological studies also indicates that the 
amount of outdoor and sporting activities performed may be an important environmental 
factor in myopia development,8-18 with most studies suggesting a protective effect of outdoor 
activities against the development of myopia. 
 
A number of cross sectional studies of children8,11-14,17 and young adults10,18 have reported a 
significant association between less outdoor and sports activities and the presence of 
myopia.  Similarly, prospective longitudinal studies in children have also reported a greater 
risk of developing myopia in children performing less sports/outdoor activities.9,15,16  There 
have also been reports that myopic children engage in less physical activity16,19 compared to 
emmetropic children, and of a significant association between less physical activity and 
greater progression of myopia in young adults.20  Although the majority of recent studies 
have noted significant associations between myopia and sport/outdoor activity, a small 
number of studies have not found such an association.21,22  A recent report from the 
Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) study, that 
had previously noted a significant association between sport/outdoor activity and incident 
myopia,15 failed to detect a significant relationship between sport/outdoor activities and 
myopia progression23 which may suggest a more complex role or mechanism for outdoor 
activity in the regulation of eye growth.  
 
Although an association between (lower) myopia prevalence and (more) sport and outdoor 
activity has been a relatively consistent finding amongst studies, the exact mechanisms 
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underlying the protective effect of outdoor activity on myopia development is less clear. 
Compared with being indoors, outdoor activities involve exposure of the eye to higher levels 
of sunlight, and may also involve less near focusing and greater amounts of physical activity. 
The relative importance of these factors in relation to the development of human myopia is 
not fully understood.  It has been hypothesised that the ocular effects associated with the 
high intensity of outdoor light may underlie these apparent protective effects of outdoor 
activity on refractive error.11  Evidence from animal research tends to support a potential role 
of visible light intensity in the development of myopia.24-27  However, the previous findings of 
an association between less physical activity and more myopia progression in young 
adults,20 and reports of significantly lower physical activity in myopic children compared to 
emmetropic children,16,19 leave open the possibility that physical activity may also be 
involved. 
 
The majority of previous studies examining outdoor/physical activities and myopia have 
relied upon questionnaires completed by either parent or child to quantify the hours of 
outdoor or physical activities, which requires the participants (or their parents) to accurately 
recall their typical activities.  The use of objective methods to quantify activities is likely to 
provide a more comprehensive understanding of the typical intensity, duration and frequency 
of light exposure and physical activity of children compared with subjective questionnaire 
responses, and may provide new insights into the potential mechanisms underlying the 
protective influence of outdoor activities on myopia.  Only a small number of recent studies 
have objectively quantified participants activities through the use of either wearable light 
sensors28,29 or physical activity monitors.16,19  In the cross-sectional analysis presented in this 
paper, we aimed to provide a detailed objective assessment of myopic and emmetropic 
children’s typical activities through the use of a wearable device that allows the 
simultaneous, objective measurement of both ambient light exposure and physical activity. 
 
5 
 
Methods 
Subjects and Procedures   
The role of outdoor activity in myopia study (ROAM study) is a prospective, longitudinal 
study examining objectively measured light exposure and physical activity, and changes in 
eye growth over an 18 month period in myopic and emmetropic children.  This paper 
presents a cross-sectional analysis of the initial objective measurements of light exposure 
and physical activity collected in the study.  One hundred and two children aged from 10 to 
15 years of age (mean age 13.1 ± 1.4 years) were enrolled in the study.  Approval from the 
Queensland University of Technology research ethics committee was obtained prior to the 
commencement of the study, and all children and their parents/guardians gave written 
informed consent before participation.  All children were treated in accordance with the 
tenets of the declaration of Helsinki. 
 
Prior to participation all children underwent an ocular examination to determine their 
refractive and binocular vision status, ocular biometric measures and the status of their 
ocular health.  Ocular dimensions were measured with an optical biometer (Lenstar LS 900, 
Haag Streit AG, Koeniz, Switzerland), known to precisely measure a range of ocular 
dimensions.30  All included participants exhibited normal best corrected visual acuity of 
logMAR 0.00 or better, no history or evidence of significant ocular disease, and no hyperopic 
refractive errors greater than +1.25 DS.  Subjects were classified based upon their non-
cycloplegic spherical equivalent subjective refractive error (SER) as either myopes (average 
SER from right and left eyes of -0.50 DS or more, with at least one eye exhibiting 0.75 DS or 
more myopia) or emmetropes (average SER from right and left eyes less than +1.25 and 
greater than -0.50, with neither eye exhibiting 0.75DS or more myopia).  Of the 102 subjects 
enrolled, 41 children were classified as myopes (mean subjective SER -2.39 ± 1.50 DS, 
mean cylinder -0.38 ± 0.47 DC) and 61 as emmetropes (mean subjective SER +0.34 ± 0.30 
DS, mean cylinder -0.10 ± 0.19 DC).  All of the myopic children had unaided visual acuity of 
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0.06 logMAR or worse in their more myopic eye, and had all been previously prescribed 
distance refractive corrections that were worn on either a part-time or full-time basis. The 
emmetropic and myopic children were well matched for both age (mean age 13.0 ± 1.5 
years in the myopes and 13.1 ± 1.2 years in the emmetropes) and gender (51% of the 
myopes and 53% of the emmetropes were female).  Based upon a previous study of 
objectively measured light levels in myopic and emmetropic children,28 it was determined 
that a sample size of 41 myopes, provided 80% power to detect a 26 minute difference in the 
daily time exposed to bright outdoor light levels (> 1000 lux) associated with refractive error 
group at the 0.05 significance level. 
 
Each of the 102 participants had their ambient light exposure and physical activity measured 
using an Actiwatch 2 (Philips Respironics,USA) device that was worn for a 2 week period by 
each child during school term.  The Actiwatch 2 is a wrist-worn “actigraphy” device that 
contains a silicone photodiode light sensor to measure visible light illuminance (wavelength 
range of 400 to 900 nm and peak sensitivity of 570 nm with a dynamic range from 5-100,000 
lux), and a solid state piezo-electric accelerometer to measure physical activity (quantified in 
“activity counts per minute” (CPM)).  A previous validation study using a similar wrist-worn 
Actiwatch accelerometer in children suggested that activity counts of 320 CPM indicate light 
physical activity, 1048 CPM indicates moderate activity and 1624 indicates vigorous 
activity.31  The device is lightweight (16 grams including the band) and water proof for up to 
30 minutes in water.  Similar actigraphy devices have been used extensively in a range of 
different research applications quantifying light exposure32-34 and physical activity,31,35,36 in 
both adults and children.  A previous study has shown that light exposure readings from the 
wrist are highly correlated with light levels recorded at eye level.37  
 
All devices were programmed to record light and activity measurements every 30 seconds 
for the 2 week duration of wear.  Participants were instructed to wear the device on their 
non-dominant wrist for 24 hours a day over the 2 week period, and to ensure that the watch 
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was not covered by clothing during wear.  If for any reason the watch had to be removed 
(e.g. if swimming continuously for more than 30 minutes or engaging in a sporting/other 
activity where they were not allowed to wear a watch), participants were asked to complete a 
diary to document the type of activity and the environment in which the activity was 
performed (indoors or outdoors) when the watch was removed.  Since differences between 
participants’ use of various sun protection strategies could alter the amount of light exposure 
to the eye compared to the Actiwatch recording, at the completion of wear, a questionnaire 
was also completed by each participant regarding their use of sun protection when outdoors 
to determine whether hats and sunglasses were worn: “never”, “less than half the time”, “half 
the time”, “more than half the time” or “always” when outdoors for the previous two weeks. 
 
This study was conducted using a total of 22 Actiwatch devices.  Although the accelerometer 
and light sensor of all devices were calibrated by the manufacturer prior to the study, we also 
performed a pilot study to compare the light exposure and accelerometer readings between 
the 22 devices.  All 22 devices were mounted together in series on a board, and were 
programmed to record light and movement every 30 seconds over a 60 minute period, and 
were carried through a range of different lighting environments, with a range of different 
movements.  From these data, the inter-device intraclass correlation coefficient (ICC) was 
calculated to be 0.99 and 0.98 for the light and accelerometry data respectively, suggesting 
excellent between device correlation.   
 
As logistically all participants could not wear the Actiwatch over the same 2 week period, to 
ensure that the comparisons between refractive error groups were not confounded by 
seasonal differences in lighting and/or activities, each of the 41 myopic participants was 
paired with an emmetropic participant of the same gender and age, who both wore the 
Actiwatch over the same two week period. The mean age of both the 41 myopic children and 
41 matched emmetropic children was 13.0 years and the percentage of female subjects for 
8 
 
both groups was 51.2%.  The remaining 20 “unmatched” emmetropes also had a similar 
mean age (13.4 years) and gender balance (55% females) to the other 2 groups. 
    
In addition to the objective activity measures, each child (with the assistance of their 
parents), completed a detailed questionnaire that has previously been used in studies of 
childhood refractive error4 that documented their typical visual activities (including near work 
and outdoor activities) and their parental refractive history.  The mean daily hours of near 
work activities and outdoor activities were derived from these questionnaire responses, 
using the same criteria described by Rose et al.12 
 
Data analysis: 
Following each child’s 2 weeks of Actiwatch wear, the physical activity and light exposure 
data were downloaded from the device using Actiware software version 5.70.1 and the raw 
data exported for further analysis.  Data were initially screened to remove any invalid data 
where there was evidence that the watch was removed or the light sensor was covered by 
clothing (i.e. any continuous period of 15 minutes or longer during the day with data 
exhibiting complete inactivity and/or complete darkness), which accounted for 6 ± 11% of the 
total data.  For any of these “off-wrist” times that were documented by the participant in their 
diary, the activity and light levels during this period were estimated based upon the 
description provided by the participant.  Light levels were estimated based upon the average 
of the light levels measured for the 5 minutes before and 5 minutes after the removal of the 
watch, providing that these light levels were consistent with the diary entry as being either 
indoors (<1000 lux) or outdoors (>1000 lux).  If these average light levels weren’t consistent 
with the diary entry (this only occurred for diary recorded activities that were performed 
outdoors), then the mean indoor or outdoor light level over the same period of time, 
averaged across all other measurement days was used as the estimate of the light level 
during the “off-wrist” period.  For the activity data, the physical activity level was defined as 
being either light, moderate or vigorous physical activity,31 based upon the metabolic 
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equivalents (MET) of the diary recorded activity, as classified in the 2011 compendium of 
physical activity.38  This data screening procedure revealed that one emmetropic participant 
wore the Actiwatch for a total of only 7 valid hours over the 2 week period, and was therefore 
excluded from all analyses.  For the remaining 101 participants, the mean ± SD number of 
days of valid data included in the analysis was 13.4 ± 1.5 days (range 6.0 to 14.0 days).  The 
final data analysed included on average 32 ± 50 minutes of data per day (range 0 to 271 
minutes per day) that were estimated based upon the diary entries of activities performed 
during “off-wrist” time (i.e. only ~ 2% of the data used was based upon estimates of activities 
from the diary entries). 
 
Following data screening, analysis was then performed to calculate the average hourly light 
exposure and physical activity over the 24 hours of each day.  These data were used to 
determine the average hourly light exposure and physical activity measurements for 
weekdays and for weekends.  Additionally, the raw data from each subject were also 
analysed to determine the average number of minutes per day that each subject spent in 
light levels >1000 lux (as an approximation of the number of minutes per day that each 
subject spent in outdoor light levels),28,32,33 and the number of minutes per day that each 
subject spent performing moderate to vigorous physical activity (i.e. minutes per day with 
activity counts per minute >1048 CPM),31 for all days considered together and for weekdays 
and weekends separately.  To ensure reliable comparisons between subjects, only days 
including at least 90% of valid data were included in this aspect of the analysis. 
 
All statistical analyses were performed using IBM SPSS Statistics version 21 (Armonk, NY: 
IBM Corp). To examine the typical patterns of light exposure and physical activity on 
weekdays and weekends, a repeated measures analysis of variance (ANOVA), was 
performed including all 101 subjects with valid data.  This analysis examined the within-
subject factors of time of day, day of the week (weekend versus weekday),and the between-
subject factors of gender and age (subjects were stratified into two different age groups as 
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either 10-12 years old or 13-15 years old).  To examine the differences in the light exposure 
and physical activity patterns of the myopic and emmetropic participants, an additional 
repeated measures ANOVA was carried out for the 41 myopes and the 41 age and gender 
matched emmetropes who wore the Actiwatch over the same 2 week period, examining the 
within-subjects effect of time of day and day of the week.  To account for the matched nature 
of the data from the two refractive error groups, refractive error was treated as a within-
subjects variable in this analysis.  Pairwise comparisons with Bonferroni adjusted p-values 
were used to explore any significant main effects from the ANOVAs.  Additionally, a 
multivariate ANOVA was carried out to examine differences associated with refractive error 
in children’s light exposure, physical activity and near work activities (objectively measured 
daily time exposed to light levels >1000 lux, objectively measured daily time spent on 
moderate to vigorous physical activities, and questionnaire derived daily time spent on near 
work activities).  This analysis included parental history of myopia as a covariate in the 
model.   
 
To further examine the differences in light exposure and physical activity data between the 
myopic and emmetropic groups, a Receiver Operating Characteristic (ROC) curve analysis 
was also performed.  A series of ROC curves were calculated to examine the performance 
of a number of different metrics describing light exposure (including the mean daily light 
exposure, and the minutes per day in light levels >1000 lux, >2000 lux, and >5000 lux) and 
physical activity (including the mean daily activity level, the minutes of light physical activity, 
moderate to vigorous physical activity, and vigorous physical activity) at discriminating 
between myopes and emmetropes.  
 
 
Results: 
The 14 day period of Actiwatch wear was conducted between July and December 2012.  
Children participating in the study were from 42 different schools in Brisbane, Australia.  The 
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mean ± SD school start time was 8:45 ± 0:15, and the mean school finish time was 15:02 ± 
0:06. The mean time of the first school break (recess) was from 10:31 ± 0:20 until 11:01 ± 
00:26 and the mean time of the second school break (lunch) was from 12:58 ± 0:28 until 
13:38 ± 0:23 hours.    Table 1 shows the average weather conditions and day length for 
Brisbane (from the Australian Bureau of Meteorology) occurring over this time when the 
Actiwatches were worn.  The average day length (i.e. time between sunrise and sunset) over 
this time ranged from 10 hours 41 minutes to 13 hours 50 minutes. There were only a small 
number of days over this period on which rainfall was recorded.  On average there were only 
2.0 ± 1.4 days where rain occurred during each participant’s 2 weeks of Actiwatch wear, with 
the average amount of rain measured being 1.5 ± 2.0 mm per day.  The reported frequency 
of hat use when outdoors ranged from “never” to “all the time” (median response “less than 
half the time”), and the reported use of sunglasses ranged from “never” to “half the time” 
(median response “never”).  There was no significant difference in the distribution of the 
reported use of hats or sunglasses between the myopic and emmetropic children (both 
p>0.05, Mann Whitney U-Test).  
 
Table 2 shows the ocular dimensions (mean of right and left eyes) from the 101 participants.  
Compared to the emmetropic children, the myopic children exhibited significantly deeper 
anterior chambers (mean difference between myopes and emmetropes 0.24 mm, p<0.0001), 
thinner crystalline lenses (mean difference -0.15 mm, p<0.0001), deeper vitreous chambers 
(mean difference 1.13 mm, p<0.0001) and longer axial lengths (mean difference 1.21 mm, 
p<0.0001). 
 
Average Light Exposure and Physical Activity Patterns for All Children 
Analysis of the data from all 101 participating children with valid Actiwatch data revealed 
significant changes in both light exposure and physical activity occurring as a function of 
time of day (p<0.0001 for both light exposure and physical activity), and day of the week 
(p<0.05 for light exposure and p<0.01 for physical activity) (Table 3, Figure 1).  A significant 
12 
 
day by time interaction (p<0.0001) was also observed for both measures, indicating 
differences in the daily pattern of light exposure and physical activity between weekdays and 
weekends.  
 
Figure 1 (top) illustrates the average hourly light exposure for all 101 subjects on weekdays 
and weekends. On average, light exposure on weekdays (mean daily light exposure 
between 6am and 6pm 1094 ± 547 lux) was significantly lower than light exposure on 
weekends (1231 ± 1145) (p=0.04).  On weekdays during the day, peaks in light exposure 
were observed between 8am-9am, 10am-11am, 1pm-2pm and 3pm-4pm, with the maximum 
average hourly light exposure occurring between 3pm-4pm (1907 ± 1342 lux).  On 
weekends, the light exposure was typically greatest in the mid-morning compared to the 
early morning and afternoon, with the maximum average hourly light exposure occurring 
between 10am-11am (2121 ± 2379 lux).   Significant differences in average hourly light 
exposure between weekdays and weekends were observed at a number of time points, with 
significantly greater (p<0.05) light exposure on weekends compared to weekdays for each 
hour from 9am to 1pm, 2pm-3pm and 11pm-12midnight.  The small but significant difference 
in light exposure late at night on the weekends compare to weekdays is indicative of a 
greater proportion of children going to bed later on the weekend. Significantly greater light 
exposure (p<0.05) on the weekdays compared to weekends was found for each hour 
between 7am to 9am, 3pm-4pm, and 7pm-8pm.  A significant influence of age group was 
also found for the light exposure data (p<0.01), with the younger 10-12 year old children 
(n=43, mean daily light exposure 1269 ± 616 lux) on average being exposed to higher light 
levels than the older 13-15 year old children (n = 58, 927 ± 491 lux) (Figure 2, top).  A 
significant time by age group (p<0.01) interaction was also observed with significantly 
greater light exposure in the younger children between 7am-8am, 11am-12noon and 4pm-
5pm, but significantly greater light exposure in the older children for each hour between 
10pm to 12midnight.  On average female subjects (n = 52, mean daily light exposure 949 ± 
525 lux) had slightly lower mean daily light exposure than the male subjects (n = 49, 1204 ± 
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593 lux), but this difference associated with gender did not reach statistical significance 
(p=0.25). 
 
The average hourly physical activity for all 101 subjects over the weekdays and weekends is 
illustrated in Figure 1 (bottom).  Physical activity was significantly greater on the weekdays 
(mean daily physical activity 468 ± 135 CPM) compared to the weekends (448 ± 163 CPM) 
(p<0.01).  On the weekdays, similar to the light exposure data, peaks in physical activity 
were observed during the day between 8am-9am, 10am-11am, 1pm-2pm and 3pm-4pm.  
The maximum average hourly activity on weekdays occurred between 1pm-2pm (600 ± 218 
CPM). On the weekends, activity levels at mid-morning were typically greater than those 
observed in the early morning or afternoon, with the highest hourly average activity found 
between 11am-12noon (540 ± 276 CPM).  Significantly greater physical activity on the 
weekend compared to the weekday was observed between 9am-10am, and for each hour 
between 11am and 1pm, and 10pm to 12midnight, and significantly greater physical activity 
was observed on the weekdays compared to the weekends in each hour between 6am and 
9am, 1pm-2pm, 3pm-4pm, and 6pm to 8pm.  A significant influence of age group was also 
observed, with the 10-12 year old children (n = 43, mean daily activity 505 ± 154 CPM) 
exhibiting significantly greater physical activity levels than the 13-15 year old children (n = 
58, 407 ± 157) (p<0.001).  A significant age group by time interaction was also observed 
(p<0.001) with the younger age group being significantly more active over most time points 
during the day (between 7am to 7pm), but the older age group being significantly more 
active at night (between 10pm and 12 midnight).  On average the female subjects (n=52, 
mean daily activity 440 ± 109 CPM) had slightly lower physical activity levels than the male 
subjects (n = 49, 486 ± 154 CPM), but this gender difference did not reach statistical 
significance (p=0.27). 
 
A significant positive correlation was also observed between the average daily light exposure 
and the average daily physical activity level (r=0.509, p<0.001), indicating a tendency for 
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those subjects who were more physically active to also be exposed to higher light levels.  
The questionnaire derived hours of outdoor activity was also significantly positively 
associated with the objectively measured time exposed to outdoor light levels (>1000 lux) (r 
= 0.561 p = <0.001), however the mean daily outdoor time derived from the questionnaire 
(mean 155 ± 97 minutes), overestimated time outdoors compared to the objective daily 
outdoor light exposure (>1000 lux) measures (107 ± 47 minutes) on average by 48 minutes.  
The number of hours per day of moderate to vigorous physical activity was also significantly 
correlated with the questionnaire derived hours of physical activity, however the strength of 
this association (r = 0.406, p<0.001) was weaker than that observed between the daily 
outdoor light exposure and the questionnaire derived outdoor time. 
 
Light Exposure and Physical Activity in Matched Myopic and Emmetropic Children 
Figure 3 and Table 4 illustrate the average light exposure and physical activity patterns in 
the 41 myopic children and the 41 age and gender matched emmetropic children who wore 
the Actiwatch over the same 2 week period.  For the light exposure data, the emmetropic 
children (mean daily light exposure between 6am and 6pm 1272 ± 625 lux) exhibited 
significantly greater light exposure compared to the myopic children (915 ± 519 lux) 
(p<0.01).  This average difference in light exposure between the myopes and emmetropes 
equates to a cumulative daily difference in light exposure of 256,817 lux minutes per day. 
 
A significant time by refractive error interaction was also observed, indicating differences in 
the pattern of light exposure throughout the day between myopes and emmetropes (p<0.01).  
For all days considered together, pairwise comparisons revealed that the emmetropic 
children exhibited significantly greater light exposure between 10am-12noon, 1pm-2pm and 
2pm-3pm, with no significant differences between the groups at other times.  The largest 
difference between the myopes and emmetropes was observed between 1pm and 2pm (the 
mean hourly light exposure was 863 lux more in the emmetropes compared to the myopes, 
p=0.001).  For the weekdays and weekends considered separately, significantly greater light 
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exposure (p<0.05 for both weekdays and weekends) in the emmetropic children was 
observed between 1pm-2pm only.   
 
We also examined the amount of time that each child spent in outdoor light levels (>1000 
lux) (Table 4).  This analysis revealed that the emmetropic children spent significantly 
greater time in light >1000 lux (127 ± 51 minutes) compared to the myopic children (91 ± 44 
minutes) (p<0.001).  Although there was no statistically significant day by refractive error 
interaction, there was a tendency for the difference between myopes and emmetropes in 
time exposed to outdoor light to be greater on the weekends compared to the weekdays (on 
average the emmetropic children spent 46 more minutes per day than the myopic children in 
outdoor light levels on weekends, compared to 31 minutes more on weekdays). 
 
For the physical activity data, there was no significant difference in the mean physical activity 
levels between the myopic (mean daily activity 445 ± 134 CPM), and emmetropic children 
(489 ± 145 CPM) and no significant time by refractive error or day by refractive error 
interaction (all p>0.05).  Similarly, the minutes spent performing moderate to vigorous 
physical activity were not significantly different between the myopic (103 ± 56 minutes) and 
emmetropic (120 ± 58 minutes) children (p>0.05).   
 
Multivariate analysis revealed a significant difference between the myopic and emmetropic 
children’s overall time exposed to light levels >1000 lux, engaged in moderate to vigorous 
physical activity and in near work activities (p = 0.01).  However, this analysis indicated that 
only the daily time exposed to light levels >1000 lux was independently, significantly 
associated with refractive error (p=0.04), with neither daily time spent engaged in moderate 
to vigorous physical activity (p=0.50), or time spent on near work activities (p=0.69) 
contributing significantly to the multivariate model.  Parental myopia, included as a covariate 
in the analysis, did not show a significant association with the children’s activities (p=0.50).   
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Figure 4 and Table 5 provide an overview of the ROC analysis performed to examine the 
performance of various metrics describing light and physical activity in discriminating 
between myopes and emmetropes.  All of the considered light exposure metrics appeared to 
exhibit reasonable performance at discriminating between myopes and emmetropes, with 
AUC’s ranging from 0.6 to 0.712 (all significantly greater than 0.5, p<0.05).  The metric 
exhibiting the best performance for discriminating between myopes and emmetropes was 
the time spent in light levels >2000 lux (AUC 0.712, p<0.001).  However, for the physical 
activity data, the area under the curve (AUC) from the ROC analysis for all of the considered 
activity metrics ranged between 0.477 and 0.594 (none significantly greater than 0.5, 
p>0.05).  This suggests that the physical activity metrics were not performing better than 
chance at discriminating between myopes and emmetropes.   
 
 
Discussion 
The major finding from this study is that objectively measured daily light exposure is 
significantly greater in emmetropic children compared to myopic children.  The mean hourly 
light exposure during the day was 357 lux greater in the emmetropic children compared to 
the myopic children, and emmetropic children on average spent 36 more minutes per day 
exposed to bright light levels (>1000 lux).  Given that light levels greater than 1000 lux are 
not commonly encountered indoors,32,33 these findings are highly indicative that the 
emmetropic children were spending greater time outdoors.  These results are consistent with 
previous studies reporting lower amounts of questionnaire derived outdoor activity time in 
myopic children.8,11,13,14,17  These questionnaire based studies have made estimates of the 
amount of time that children (ages ranging from 5 to 20 years) are typically engaged in 
outdoor activities ranging from ~1.3 to 3.2 hours per day, and have reported between 20-40 
minutes of additional outdoor time per day in emmetropic compared to myopic 
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children,8,11,13,14,17 which is in relatively close agreement with our objectively measured 
results.   
 
An advantage of the objective measurements we have used is the opportunity to examine 
differences in both the magnitude and also the daily pattern of light exposure between the 
myopic and emmetropic children.  During the week, relatively consistent peaks in light 
exposure were observed at various time points throughout the day in both the myopic and 
emmetropic children, which appear to coincide with the typical breaks in the school day, 
where children have more opportunity to go outdoors into brighter light levels.  Post hoc 
testing for all days considered together revealed that significant differences in light exposure 
occurred during the day between 10am-12noon and 1pm-3pm.  On weekdays, it was only 
between 1pm-2pm that there was a significant difference in light exposure between the 
myopic and emmetropic children, which most likely reflects emmetropic children spending 
more time outdoors during the school lunch break.  It should be noted that our population 
were drawn from a number of different schools, and there were variations in the timing of 
breaks between schools, which may contribute to some variability between subjects in terms 
of the peaks in light exposure observed throughout the day.  On the weekends, both myopes 
and emmetropes exhibited greater light exposure in mid-morning compared to the afternoon.  
Although on average the light exposure was greater in the emmetropes across most 
weekend time points (with relatively large magnitude differences of ~1000 lux observed 
between 10am-12noon) during the day, the only statistically significant difference occured 
between 1pm-2pm where the average hourly light exposure was greater in the emmetropes 
by ~1248 lux.  Overall these findings suggest that the greater light exposure observed in the 
emmetropic cohort is largely due to greater light exposure during school lunch breaks and 
greater light exposure on the weekend in the mornings and early afternoon. 
 
The simultaneous capture of both light exposure and physical activity data allows us to 
examine the relative importance that these two factors have upon the presence of myopia in 
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our population.  In contrast to the light exposure data, there was no statistically significant 
difference in physical activity observed between the myopic and emmetropic children.  ROC 
curve analysis revealed that metrics associated with physical activity did not reliably 
discriminate between myopes and emmetropes, whereas metrics associated with light 
exposure did exhibit reasonable discriminative performance.  This suggests that the critical 
factor involved in the previously documented association between outdoor activities and 
refractive error is more likely to be exposure to higher light levels outdoors, rather than 
performing higher levels of physical activity.  However, there may be other factors 
associated with being outdoors,39 that were not captured by our measurement techniques, 
that could also play a role. 
 
Recently, Guggenheim et al16 found a significant independent association between incident 
myopia and both physical activity levels and questionnaire derived outdoor time, with 
outdoor time exhibiting a larger effect.  Although the effects of physical activity and outdoor 
time were reported to be independent, Guggenheim et al.16 suggested that associations 
between myopia and physical activity may be due to a link between physical activity and 
outdoor time rather than a direct causal relationship between physical activity and myopia.  
Our findings lend support to this suggestion, since we found a significant association 
between physical activity and light exposure (suggesting a trend to perform greater physical 
activity when outdoors), but no significant association between physical activity and myopia.  
 
Although our study is the first to simultaneously objectively measure both light exposure and 
physical activity in myopic and emmetropic children, another recent paper has reported on 
light exposure measures in myopic and emmetropic Singaporean children.28  This study did 
not find statistically significant differences in the daily light exposure of their myopic and 
emmetropic children, with children spending 1 hour per day on average in outdoor light 
conditions (>1000 lux), and only 3-6 minutes mean difference in daily bright light exposure 
between myopes and emmetropes.  Of interest, both our myopic and emmetropic children 
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spent substantially more daily time (30 minutes more in our myopes and greater than 60 
minutes more in our emmetropes) exposed to bright light compared to Dharani et al’s28 
Singaporean children. If light exposure is an important causative factor in the development of 
myopia, the low levels of light exposure reported by Dharani et al28 suggests a possibility 
that a number of their emmetropic children are likely to develop myopia in the future.  This 
possibility is consistent with the high prevalence of myopia in Singapore,40 and would explain 
the lack of significant difference between the myopic and emmetropic cohorts in their study.  
Discrepancies with our current study could also relate to the sensors used, the length of time 
worn and the data sampling used, given that Dharani et al28 used wearable light sensors that 
were attached to children’s shirts, and worn for 7 days, sampling every 5 minutes, compared 
to our current study using a wrist worn sensor worn for a 14 day period sampling data every 
30 seconds. 
 
There have also been two recent reports of objectively measured physical activity (but not 
light exposure) using hip-worn accelerometers in myopic and emmetropic children.16,19  
These studies, both examining data from children in the Avon Longitudinal Study of Parents 
and Children, reported significant differences between myopic and emmetropic children in 
terms of physical activity levels.  Deere et al19 reported that on average their myopic children 
had lower average physical activity levels compared to emmetropes by 50 CPM.  We found 
a similar magnitude of difference between our myopes and emmetropes (44 CPM), which 
was not statistically significant (most likely due to the substantially smaller sample size in our 
study).  Differences between the studies may also relate to differences in the type of 
accelerometer devices (wrist worn compared to hip-worn), and the cut-off values used to 
define different physical activity levels between the two studies. 
 
Our results help to clarify the relative importance of light exposure and physical activity in the 
previously documented association between outdoor activities and childhood myopia. We 
found that the time children spent in light levels greater than 2000 lux provided the best 
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discrimination between myopic and emmetropic children.  Although these findings support a 
potential role for ambient light exposure in refractive error development, the presence of a 
causal relationship and the exact mechanism underlying the apparent protective effect of 
increased light exposure in myopia remains to be determined.  Increased time exposed to 
light levels greater than 2000 lux has the potential to result in a range of different ocular 
effects that could influence refractive development, such as changes in retinal dopamine 
levels,41 retinal melatonin levels42 and changes in ocular circadian rhythms.42  Animal studies 
support a potential role of altered retinal dopamine levels in response to bright light,25 
however a more complex interaction between light exposure, retinal dopamine and retinal 
circadian rhythms resulting in altered eye growth has also recently been hypothesised.43  
Alternatively, increased light exposure would also alter pupil size which could also potentially 
influence eye growth through changes in ocular optics and retinal image quality, and would 
also be associated with increased exposure to other solar wavelengths (e.g. ultraviolet29). 
 
A limitation of our current study is that the cross-sectional analysis does not provide an 
assessment of the influence of light exposure upon eye growth.  Further work is needed to 
better understand the potential causal nature of the relationship between light exposure and 
myopia.  Our findings also assume that a single measure over a 2-week period is providing a 
reliable assessment of children’s typical daily activities.  Future work to be carried out in the 
ROAM study will also involve additional measures of light exposure and physical activity 
throughout the year and across different seasons, combined with longitudinal measures of 
eye growth which should help to clarify the influence of objectively measured light and 
activity parameters upon the progression of refractive error and eye growth in childhood. 
 
Multivariate analysis examining the association between children’s activities (light exposure, 
physical activity and near work) and refractive error, demonstrated that only objectively 
measured light exposure was significantly associated with refractive error in this cohort.  The 
lack of a significant association with nearwork indicates that increased outdoor light 
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exposure isn’t typically achieved at the expense of near work activities, which is consistent 
with the findings of previous studies.9,11,13  Parental myopia was also not a significant factor 
associated with activities in this analysis, indicating that the observed associations are not 
simply due to only children with myopic parents performing less outdoor activities.   
 
The use of sun protection such as hats and sunglasses could alter the amount of light 
reaching the eye, compared to the light levels measured at the wrist in our current study.  
However, there was no significant difference in the reported use of hats and sunglasses 
between our myopic and emmetropic children, which suggests that this issue is unlikely to 
have confounded the comparisons made in our study.  It should be noted though that our 
subjects reported relatively low sun protection use (particularly for sunglasses), so it is 
unclear whether altered light exposure due to sun protection strategies is likely to influence 
refractive error.  However, if time exposed to light levels greater than 2000 lux (the threshold 
exhibiting the best discrimination between myopes and emmetropes) is an important factor 
protecting against myopia, then utilising sun protection when outdoors is unlikely to 
attenuate light levels below this threshold, since light levels outdoors on a bright sunny day 
can be substantially greater than 20,000 lux.   
 
In conclusion this study provides the first objectively measured evidence of lower daily light 
exposure in myopic children compared to emmetropic children, and suggests that 
emmetropic children spend greater time outdoors compared to myopic children.  In contrast 
to the light exposure data, there was no significant difference in objectively measured 
physical activity levels associated with refractive error.  Together, these findings suggest that 
the important factor involved in the association between myopia and outdoor activity is more 
likely to be exposure to bright outdoor light levels rather than greater physical activity. 
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Tables: 
 
Table 1:  The average weather conditions and day length over the 2 week period of 
Actiwatch wear for all children in the study.  Each child wore an Actiwatch device for a single 
2 week period during school term, between July and December 2012.  
 
 Mean ± SD Minimum Maximum 
Maximum Daily Temperature (°C) 26.6 ± 2.4 21.5 30.4 
Minimum Daily Temperature (°C) 15.2 ± 3.5 7.9 20.6 
Days of Rain per fortnight 2.0 ± 1.4 0 5 
Mean Daily Rainfall (mm/day) 1.5 ± 2.2 0 7.4 
Mean Sunrise (24 Hour Time) 05:22 ± 36 min 04:44 06:34 
Mean Sunset (24 Hour Time) 17:56 ± 23 min 17:14 18.34 
Mean Day Length 12hr 35min ± 58 min 10hr 41min 13hr 50min 
 
 
 
 
Table 2:  Mean ± SD ocular biometric measures (mean of right and left eyes) for the 101 
children included in the study.  P-values represent the results of an independent sample t-
test (Bonferroni corrected for multiple comparisons) comparing the myopic and emmetropic 
participants. 
 
Mean ± SD  biometric 
measure (mm) P-Values Myopes 
(n=41) 
Emmetropes 
(n=61) 
Central corneal thickness 0.544 ± 0.03 0.556 ± 0.03 >0.05 
Anterior chamber depth 3.34 ± 0.20 3.09 ± 0.24 <0.0001 
Lens thickness 3.37 ± 0.15 3.52 ± 0.19 <0.001 
Vitreous chamber depth 17.21 ± 1.08 16.08 ± 0.65 <0.0001 
Axial length 24.46 ± 1.05 23.25 ± 0.64 <0.0001 
 
 
 
 
Table 3:  The mean ± SD light exposure and physical activity (PA) measured over the 2 
week period of Actiwatch wear for all children (n=101).  
 
 Mean ± SD  
All Days Weekdays Weekends 
Mean Daily Light Exposure 
(6am-6pm) (lux) 1,072 ± 571 1,009 ± 527 1,231 ± 1,145 
Mean Maximum Daily Light 
Exposure (lux) 49,066 ± 11,713 50,058 ± 11,860 46,438 ± 21,428 
Mean minutes >1000 lux 107 ± 47 105 ± 44 112 ± 85 
Mean Daily PA (6am-6pm) 
(CPM) 462 ± 134 468 ± 135 449 ± 163 
Mean Maximum Daily PA 
(CPM) 3,838 ± 842 3,908 ± 878 3,674 ± 1004 
Mean minutes MVPA 111 ± 55 110 ± 55 113 ± 74 
 
*MVPA = Moderate to vigorous physical activity, CPM = Counts per minute 
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Table 4:  The mean ± SD light exposure and physical activity (PA) for the myopic children (n 
= 41) and the age and gender matched emmetropic children (n = 41) who wore the 
Actiwatch over the same 2 week period of the study.  
 
 
 Mean ± SD  
All Days Weekdays Weekends 
Mean Daily Light 
Exposure (6am-6pm) (lux) 
Emmetropes 1,272 ± 625  1,181 ± 609 1,499 ± 1,298 
Myopes 915 ± 519 884 ± 476 1,002 ± 956 
Mean Maximum Daily 
Light Exposure (lux) 
Emmetropes 52,501 ± 10,580  53,040 ± 10,277 51,606 ± 22,258 
Myopes 46,925 ± 13,028 47,819 ± 13,774 44,142 ± 20,558 
Mean minutes >1000 lux Emmetropes 127 ± 51 122 ± 45 138 ± 95 Myopes 91 ± 44 91 ± 43 92 ± 75 
Mean Daily PA (6am-6pm) 
(CPM) 
Emmetropes 489 ± 145 489 ± 143 482 ± 178 
Myopes 445 ± 134 453 ± 137 423 ± 148 
Mean Maximum Daily PA 
(CPM) 
Emmetropes 3,966 ± 896 4,055 ± 929 3,756 ± 1,004 
Myopes 3,794 ± 862 3,858 ± 901 3,646 ± 1,110 
Mean minutes MVPA Emmetropes 120 ± 58 117 ± 56 128 ± 79 Myopes 103 ± 56 105 ± 56 99 ± 66 
 
*MVPA = Moderate to vigorous physical activity, CPM = Counts per minute 
 
 
 
 
Table 5:  Overview of the ROC curve analysis examining the performance of different 
metrics describing light exposure and physical activity (PA) for discriminating between 
myopes and emmetropes.  P-values indicate whether area under the curve (AUC) is 
significantly different to 0.5. 
 
 
METRIC  Mean ROC Analysis 
AUC P-Values 
Mean daily light 
exposure (lux) 
Emmetropes 1,272 ± 625  0.665 0.01 Myopes 915 ± 519 
Mean minutes 
>1000 lux 
Emmetropes 127 ± 51 0.709 0.001 Myopes 91 ± 44 
Mean minutes 
>2000 lux 
Emmetropes 89 ± 42 0.712 0.001 Myopes 61 ± 35 
Mean Minutes 
>5000 lux 
Emmetropes 40 ± 25 0.658 0.014 Myopes 26 ± 17 
Mean daily PA 
(CPM) 
Emmetropes 489 ± 145 0.594 0.144 Myopes 445 ± 134 
Mean minutes 
light PA 
Emmetropes 329 ± 62 0.477 0.714 Myopes 334 ± 65 
Mean minutes 
MVPA 
Emmetropes 120 ± 58 0.594 0.144 Myopes 103 ± 56 
Mean minutes 
vigorous PA 
Emmetropes 47 ± 34 0.579 0.219 Myopes 37 ± 29 
 
*MVPA = Moderate to vigorous physical activity, CPM = Counts per minute 
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Figures: 
 
 
 
Figure 1:  Average daily pattern of light exposure (top) and physical activity (bottom) for all 
101 subjects participating in the study, averaged across every hour of the day for weekdays 
(solid black line) and weekends (dashed grey line).  Error bars represent standard error of 
the mean. Black vertical lines above graph illustrate the mean school start and finish times 
and the mean timing of the breaks in the school day.  Grey shading indicates the standard 
deviation of these average school hours and breaks for all children participating in the study. 
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Figure 2: Average pattern of daily light exposure and physical activity in the younger (10-12 
year olds, n = 43) and older children (13-15 year old children, n = 58) over all measurement 
days combined, for all 101 participating children.  Error bars represent the standard error of 
the mean. 
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Figure 3: Average pattern of light exposure (top) and physical activity (bottom) in the myopic children (solid black lines) and the age and 
gender matched emmetropes (dashed gray line) who wore the Actiwatch during the same 2 week period, for all days (left), weekdays (centre) 
and weekends (right).  Error bars represent the standard error of the mean.  Black vertical lines above the weekdays data illustrate the mean 
school start and finish times and the mean timing of the breaks in the school day.  Grey shading indicates the standard deviation of these 
average school hours and breaks. 
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Figure 4:  Overview of the ROC curve analysis examining the performance of different 
metrics describing light exposure (left) and physical activity (right) in discriminating between 
myopic and emmetropic children in the study (for the 41 myopic children and 41 age and 
gender matched emmetropic children). 
 
 
 
 
 
